The objective of this study is to evaluate the impact of SO 2 -CO 2 -water-rock interaction on the alteration of a reservoir rock having Ca-deficient conditions and little buffering capacity and its implication for porosity change near the injection well from a CO 2 storage pilot site, Republic of Korea. For our study, three cases of experimental and geochemical modeling were carried out (pure CO 2 , 0.1% SO 2 in CO 2 , and 1% SO 2 in CO 2 , resp.) under realistic geologic storage conditions. Our results show that SO 2 accelerated waterrock interactions by lowering the pH. In the 1% SO 2 case, pH remained less than 2 during the experiments because of insufficient buffering capacity. Sulfate minerals were not precipitated because of an insufficient supply of Ca. Because the total volume of precipitated secondary minerals was less than that of the dissolved primary minerals, the porosity of rock increased in all cases. Chlorite largely contributed to the decrease in total rock volume although it formed only 4.8 wt.% of the rock. Our study shows that the coinjection of a certain amount of SO 2 at CO 2 storage reservoirs without carbonate and Ca-rich minerals can significantly increase the porosity by enhancing water-rock interactions. This procedure can be beneficial to CO 2 injection under some conditions.
Introduction
Carbon dioxide Capture and Storage (CCS) is a solution to reduce atmospheric emissions of CO 2 which are recognized as the main cause of global warming [1] . For storage, CO 2 is captured in fossil-fuel-based power plants and other industrial facilities. The flue gas from these sources contains not only CO 2 but also various impurities such as sulfur dioxide (SO 2 ), oxygen (O 2 ), nitrogen (N 2 ), hydrogen (H 2 ), and carbon monoxide (CO) [2] [3] [4] [5] . The process of removing these impurities to obtain pure CO 2 is costly; thus, the coinjection of impurities has an advantage in that it can reduce costs significantly. However, the coinjection of impurities not only corrodes injection facilities, such as pipelines and injection wells, but also adversely affects CO 2 injectivity [2, 5, 6] . Among these impurities, coinjection of even a small amount of SO 2 extremely acidifies the groundwater due to formation of sulfuric acid, which accelerates the dissolution/precipitation of minerals in reservoir rocks [6] [7] [8] .
The coinjection of SO 2 thus has the potential to significantly change the porosity and permeability of a reservoir rock which in turn affects the injectivity of fluid transport [6, [9] [10] [11] . However, to the best of our knowledge, most studies on the effect of SO 2 have been performed in rocks containing Ca-rich minerals (e.g., calcite and anorthite), easily buffering the pH [4, 6, 8, [12] [13] [14] [15] [16] . These studies showed that SO 2 did not largely influence the alteration of reservoir rocks because pH was quickly buffered enough to prevent significant dissolution of silicate minerals. However, because of elevated Ca concentrations from Ca-rich minerals, sulfate minerals such as anhydrate, gypsum, and alunite precipitated, which decreased the porosity and permeability of the reservoir rocks.
Geofluids
In this study, we collected reservoir rock samples at a CO 2 storage pilot site (Pohang Basin) in Korea [17] . Mineralogical analysis of the samples showed that the reservoir rock had few carbonate and Ca-rich minerals. We aimed to identify the effect of SO 2 on water-rock interactions in the reservoir rock having poor Ca and buffering capacity and to evaluate the change in porosity affecting the CO 2 injectivity. For this study, batch experiments were performed under realistic geologic storage conditions with various SO 2 contents. Geochemical modeling was also carried out to interpret the results of gaswater-rock interactions and calculate the change in porosity.
This study will provide information about the effect of SO 2 on the change in porosity by SO 2 -water-rock interactions to other CO 2 storage sites similar to our study area having few carbonate and Ca-rich minerals.
Materials and Methods

Reservoir Rock Samples.
In Korea, a CO 2 offshore storage pilot project has been launched in Pohang Basin in the southeastern part of the Korean peninsula ( Figure 1 ) [17] . Pohang Basin is one of the Cenozoic sedimentary basins which formed during back-arc spreading of the East Sea in the early Miocene [18] [19] [20] . The basin is bounded by a set of NNE-trending border faults in the west and opens towards the east. During the back-arc spreading, a number of pullapart half-grabens were produced by NNW-SSE directed dextral strike-slip and associated extensional deformation, and then a km-thick sequence of nonmarine to shallow marine sediments were deposited in the graben [20] . The sediments mostly consist of a coarse-grained fan-delta succession and an overlying fine-grained succession of hemipelagic mudstone with thin interbeds of siltstone and sandstone [21] [22] [23] .
The reservoir rock of Pohang Basin is developed at depths of more than 750 m and covered with a thick mudstone cap rock ( Figure 1 ) [20, 24] . The location of the injection in the well is sandstone layer (768-782 meters below the seafloor) overlying the mudstone cap rock [17] . For the experiments, sandstone samples in the injection layer were collected from core samples recovered during drilling of a borehole to a depth of 1 km.
The mineralogical compositions of the rock samples were determined using X-ray diffraction (XRD) (Bruker, D8 ADVANCE A25) and Scanning Electron Microscopy with an Energy-Dispersive Spectroscopy (SEM-EDS) (JEOL, JSM-7610F) at the Center for Research Facilities at Gyeongsang National University. The total surface area of the sample was analyzed using a crushed sample (grain size from 100 to 200 m) using the Brunauer-Emmett-Teller (BET) method (Quantachrome, QUADRASORB SI) at the Korea Institute of Geoscience and Mineral Resources (KIGAM).
Experiments and Analytical
Methods. The SO 2 -CO 2 -water-rock reaction experiments were carried out in three cases to evaluate the impact of SO 2 contents on water-rock interactions: case 1: pure CO 2 ; case 2: 0.1% SO 2 in pure CO 2 ; and case 3: 1% SO 2 in pure CO 2 . The rock sample used in the experiment was crushed and sieved to a grain size ranging from 100 to 200 m. The sieved samples were sonicated five times using an ultrasonic bath filled with ethanol for 10 minutes to remove the microparticles attached to the grain surface. They were then rinsed with distilled water and dried in an oven at 50 ∘ C for 24 hours. Then, 4 g of the dried samples was placed in a cellulose dialysis tube (Thermo, 12,000 to 14,000 Da, 21 mm diameter), and 130 ml of deoxygenated distilled water (by N 2 purging) was added in a high-pressure reactor (Parr Instrument, 5500 series) with a stirrer and dip tube. A Teflon liner was used to prevent corrosion of the reactor. The cellulose dialysis membrane allows diffusion of aqueous ions between the inner and outer solutions across the membrane but confines solid samples to the inside of the dialysis tube, thereby eliminating the loss of solid particles during fluid sampling [25, 26] .
Pure CO 2 gas and mixed gases were injected using a syringe pump (TELEDYNE ISCO, 500HP), and the inside of the reactor was purged with CO 2 for 20 minutes to remove the residual gas in the distilled water and headspace. Each reaction experiment was carried out for 21 days at a condition of 50 ∘ C and 100 bar and a stirring rate of 80-100 rpm.
During the experiments, approximately 3 ml of fluid was sampled through the deep tube in a syringe on the 3rd, 7th, 15th, and 21st days to measure the pH and analyze fluid composition. Before each fluid sampling, approximately 2 ml of fluid was discarded to eliminate unreacted fluid in the sampling port line.
After sampling, the pH of the sampled fluid was immediately measured using a micro pH probe (Thermo, 8103BNUWP). The fluid samples were then filtered using a 0.2 m syringe filter (ADVANTEC) and diluted 10 times for chemical analysis. The aliquot of the diluted fluid sample was analyzed for sulfate concentration using a spectrophotometer (Hach, DR1900). Another aliquot of diluted fluid sample was acidified to HNO 3 for analysis of cations using Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) (Perkin Elmer, 8300DV) at the KIGAM. The solid samples were collected at the end of reaction experiments, rinsed with distilled water, and then dried at 50 ∘ C in an oven. For the dried solid samples, XRD and SEM-EDS analyses were performed to identify mineralogical change after the experiments.
Geochemical Modeling.
Geochemical modeling was performed using PHREEQC (version 3) [27] using the Lawrence Livermore National Laboratory (LLNL) database to interpret the experimental results. Dissolution/precipitation reactions in the kinetic model were calculated by using the following rate law equation [28] :
where is the reaction rate (mol/s), is the rate constant (mol/cm 2 ⋅s), is the reactive surface area of the mineral (cm 2 ), is the activity product, and is the equilibrium Figure 1 : (a) A geologic map of the study area and location of the injection well in the Pohang Basin (modified from Lee et al. [24] ) and (b) the sedimentary log of the injection well core (modified from Choi et al. [17] ).
constant (saturation index (SI) = log / ). The rate constant was calculated using the Arrhenius equation:
where 25 is the rate constant at 25 ∘ C, is the activation energy, is the gas constant, and is the absolute temperature. The kinetics of the mineral reaction are pH-dependent: therefore, mineral reaction rate is calculated by individual reaction mechanisms (acid, neutral, and base mechanisms) depending on pH, as in the following equations:
where a, n, and b represent the acid, neutral, and base mechanisms, respectively. is the activation energy, is the rate constant, is the gas constant, is the absolute temperature, is the activity product, is the equilibrium constant, a is activity of the species, is the power constant, and is the specific reactive surface area per gram of mineral. In the model, the primary minerals were defined based on the XRD and SEM-EDS analyses. From XRD analysis, the rock samples were composed of predominantly silicate minerals (44.6% quartz, 26.4% plagioclase, and 19.6% Kfeldspar) and clay minerals (4.8% chlorite, 4.3% illite, and 0.3% kaolinite) ( Table 1 ). In SEM-EDS analysis, carbonate and Ca-rich minerals were not observed.
The concentration of each mineral was calculated by mineral weight percent for 4 g of rock. In the case of a solid solution, plagioclase was represented as albite, but a small quantity of anorthite was added for matching the Ca concentration measured in the reaction experiment. Chlorite was represented as daphnite-14A (Fe end member) and clinochlore-14A (Mg end member) at a ratio of 2 : 1 based on the results of the SEM-EDS analysis.
The surface area of each mineral was calculated by dividing the BET surface area based on the mineral weight percent. However, the actual geochemical reaction occurs only at the reactive surface area. The reaction is up to three orders of magnitude less than the total surface area measured by BET or geometric methods because of surface coatings [29] . For this reason, surface area was a parameter with great uncertainty in the geochemical modeling. In this study, the surface area was modified by trial and error within 10-100 times to match the experimental results of other studies [12, 30] .
Kinetic parameters of minerals were those of Palandri and Kharaka [31] except for pyrite (Table 2 ). Kinetic parameters of pyrite were those of Xu et al. [32] .
Saturation index (SI) indicates the equilibrium condition of a solution with respect to a mineral [22] :
SI = 0: mineral is in equilibrium with solution.
SI < 0: mineral is undersaturated (dissolution).
IAP is the ion activity product and is the thermodynamic equilibrium constant for the reaction. Changes in pH measured during gas-water-rock experiments (green triangle = pure CO 2 case, red square = 0.1% SO 2 case, and blue rhombus = 1% SO 2 case) and changes in pH in the modeling (green dashed line = pure CO 2 case, red dashed line = 0.1% SO 2 case, and blue solid line = 1% SO 2 case). Figure 2 shows the change in pH according to reaction time in this experiment. In all cases, pH decreased at the beginning of the experiment and the more the concentration of SO 2 increased, the more the pH decreased. After 3 days of the experiment, the pH decreased from 4.7 to 4.37 in the pure CO 2 case and to 3 in the 0.1% SO 2 case. In the 1% SO 2 case, the pH significantly decreased to 1.84. In the presence of SO 2 , the formation of sulfuric acid increased the number of H + ions in the water, thereby reducing the pH more than if reacting with pure CO 2 [15, 33] . This can be supported by the sulfate concentrations measured in the experiments (Figure 3) . Sulfate formed by the dissociation of SO 2 initially increased from zero up to 360 ppm and 4500 ppm in the 0.1% SO 2 and 1% SO 2 cases, respectively, after 7 days of the experiment (Figure 3 ). The increased sulfate concentrations indicate that a large amount of sulfuric acid was formed in the water and consequently caused a significant decrease in the pH. Figure 2 also shows that the pH gradually increased up to 4.45 in the pure CO 2 case and up to 4.81 in the 0.1% SO 2 case at the end of the experiment (after 21 days). In contrast, the pH remained less than 2 in the 1% SO 2 case during the entire experiment.
Results and Discussion
pH.
The geochemical modeling also shows similar results to the experiments (Figure 2) . However, the pH of the modeling results was lower than that of the experiments in the pure CO 2 and 0.1% SO 2 cases. This difference in pH between the models and the experiment may have been caused by degassing of CO 2 during sampling in the experiments. In contrast, the pH had no significant difference in the 1% SO 2 Figure 3 : Changes in the concentration of cations during gas-water-rock experiments (green triangle = pure CO 2 case, red square = 0.1% SO 2 case, and blue rhombus = 1% SO 2 case) and changes in the concentration of cations in the modeling (green dashed line = pure CO 2 case, red dashed line = 0.1% SO 2 case, and blue solid line = 1% SO 2 case). case. The reason for this phenomenon can be explained by the following equations:
The dissociation of H 2 CO 3 is described by (5), and when this formula is log-transformed, the relation between pH and the carbonate species is as shown in (6) . The pH is determined by the ratio of HCO 3 − to H 2 CO 3 as in (6) . In a low pH (pH < 2) environment, carbon species are predominantly present as H 2 CO 3 and rarely have HCO 3 − . Thus, the loss of H 2 CO 3 by CO 2 degassing cannot significantly change pH.
The gradual increase in the pH of pure CO 2 and 0.1% SO 2 cases can be accounted for by the buffering effect of mineral dissolution with reaction time. In contrast, a very low pH (<2) during the experiments in the 1% SO 2 case shows insufficient buffering capacity. On the other hand, several researchers have shown that even when strong sulfuric acid is formed in solution due to the presence of SO 2 , pH can be buffered if carbonate minerals are sufficiently present in the reservoir rocks [6, 15] .
Considering the mineral compositions in this study, however, our results indicate that the buffering capacity of the silicate minerals is insufficient to increase pH in the 1% SO 2 case. In a captured CO 2 for geologic storage condition, 1% of SO 2 content is unrealistically high in comparison to practically coinjective SO 2 content. The content of SO 2 contained in captured CO 2 is generally limited to less than 100 ppm [12] . However, the content of SO 2 in a storage aquifer can be increased by accumulating SO 2 locally with a structural trap or mass transfer limit [11, 14] . This implies that if the accumulation of SO 2 occurs in an area of storage aquifers, the pH may maintain a low level due to insufficient buffering capacity. This acidic environment can enhance the dissolution of constituent minerals, which increases the porosity of storage rocks around the CO 2 injection well, whereas it may cause CO 2 leakage through formation of a vertical leakage path in cap rocks [6, 10] .
SO 2 -CO 2 -Water-Rock Interaction
Ion Concentrations.
To evaluate SO 2 -CO 2 -water-rock interactions, the ion concentrations measured in the experiments and simulated by modeling with reaction time are presented in Figure 3 . The changes in the quantities of the minerals calculated by modeling are also shown in Figure 4 . As shown in Figure 3 , our experimental results show that the increasing concentrations of cations are dependent on the SO 2 contents similar to the changes in pH. Compared to the pure CO 2 case, the concentrations of cations in the 0.1% SO 2 case slightly increase, while those in the 1% SO 2 case significantly increase even at the initial stage of the experiment. This result shows that a higher content of SO 2 leads to enhanced mineral dissolution through formation of an acidified condition. This is because the dissolution of silicate minerals is pH-dependent [29, 34] and our result is also in good agreement with other studies [4, 6, 13, 15, 33] . This is clearly shown by the changes in the quantities of the minerals with time ( Figure 4 ). The dissolution rates of the primary minerals in the 0.1% SO 2 case slightly increase, whereas those of the primary minerals abruptly increase in the 1% SO 2 case because of a very low pH (Figure 4) .
The results of the geochemical modeling are also similar to those of the experiments, although there is a discrepancy between measured data and simulated data in each case. This gap may arise from the uncertainties of rate constant, mass fraction of minerals, reactive surface area, and thermodynamic data [35, 36] . Nonetheless, we consider that the modeling results are acceptable considering only dissolution/precipitation of the minerals (Table 3) .
Change in Mineralogy.
The results of SEM-EDS analysis were shown in Figure 5 . Traces of corrosion were observed by dissolution at the surface of minerals. In particular, in the 1% SO 2 case, corrosion was prominent on the surface of feldspar The dissolution/precipitation of minerals is shown in Figure 4 , and the dissolution equations of the minerals are presented in Table 3 . The results of geochemical modeling also supported the fact that the concentrations of most primary minerals decrease by dissolution in all cases. Feldspars (plagioclase and K-feldspar) and chlorite (clinochlore and daphnite) are predominantly dissolved (anorthite will be excluded from discussion because it was added to fit the low concentration of Ca).
Feldspar does not have a faster reaction rate than carbonate minerals, but it contributed to the increase in cations (Na, K, Ca, Si, and Al) because of its high content in the rock. In contrast, chlorite (4.8 wt.% of total minerals) caused the release of a large amount of Fe and Mg. Chlorite plays an important role in the increase in Fe and Mg concentrations in other studies under CO 2 -rich conditions [6, 15, 37, 38] .
The secondary minerals that newly precipitated following the dissolution of the primary minerals are also shown in Figure 4 . In our modeling, kaolinite is distinctly precipitated in the pure CO 2 and 0.1% SO 2 cases because of the dissolution of silicate minerals (Table 3 ). In the SEM-EDS analysis, a large amount of kaolinite was easily observed on the surface of the mineral after the experiment in the pure CO 2 and 0.1% SO 2 cases (Figures 6(a) and 6(b) ). Saturation indices calculated by measured ion concentrations in the experiments also show that kaolinite is oversaturated during the experiments in the pure CO 2 and 0.1% SO 2 cases (Table 4) . However, in this model, kaolinite is not precipitated in the 1% SO 2 case, and the saturation index of kaolinite is undersaturated because of the very low pH (<2) (Figure 4 and Table 4 ). In the SEM-EDS observation, other clay minerals were also observed but could not be identified to a specific mineral because they were present as mixed clay minerals (Figure 6(c) ). However, in the modeling, montmorillonite-Mg is precipitated at the end of the simulation time in the 0.1% SO 2 case (not presented because of a very small amount of precipitation) and the calculated saturation index of the montmorillonite-Mg is oversaturated at the end of the experiments in the 0.1% SO 2 case (Table 4 ). This suggests that montmorillonite clays can be newly formed by enhanced water-rock interactions when the pH is greater than 4. The formation of pyrite has been reported in studies of SO 2 -CO 2 -water-rock interactions [12, 38] . Pyrite is stable under relatively low pH conditions [39] . In this study, the modeling result also shows the precipitation of pyrite in the 0.1% SO 2 and 1% SO 2 cases, although only a small amount of pyrite was formed (Figure 4 ) (note that the precipitation of pyrite in the 0.1% SO 2 case is hidden because it is a very small amount). In the SEM-EDS analysis, a small amount of pyrite was observed on the surface of the minerals, although it was difficult to detect ( Figure 6(d) ). This is due to slow precipitation kinetics in real conditions, although saturation indices for pyrite calculated under thermodynamic equilibrium are highly positive (SI > 5) (Table 4) . Nonetheless, this result shows that the coinjection of SO 2 is favorable to the formation of pyrite by consuming Fe 2+ instead of siderite (Table 4) .
Comparison to Other Studies.
Several researchers have reported that sulfate minerals such as gypsum, anhydrite, and alunite are formed by SO 2 -CO 2 -water-rock interaction when Ca-rich minerals such as calcite and anorthite are present [4, 12, 16, 37] . They also reported that the precipitation of sulfate minerals may be a factor in reducing porosity near injection wells. For example, Waldmann and Rütters [4] investigated the impact of SO 2 on porosity change in the presence of Carich minerals such as carbonate and anorthite. They showed that the dissolution of Ca-rich minerals buffered the pH providing Ca to the groundwater, and then anhydrite was preferentially precipitated. However, in this study, we could not observe in the SEM-EDS analysis and the modeling results during the reaction periods the formation of gypsum or anhydrite which can be formed preferably to calcite by consuming Ca. Calculated saturation indices also showed that all water samples were undersaturated with respect to gypsum and anhydrite (Table 4) . This is because the concentration of Ca was not enough to precipitate gypsum or anhydrite due to the absence of Ca-rich minerals (e.g., calcite and anorthite) in this study. Similar result was also observed in a potential CO 2 storage site in the Surat Basin, Australia [12] . In this potential site, Pearce et al. [12] performed laboratory experiments and geochemical modeling for SO 2 -CO 2 -waterrock reactions using sandstone rocks with no Ca sources (e.g., calcite). Their study showed that gypsum was not precipitated due to low concentrations of dissolved Ca. These results show that Ca-sulfate minerals cannot be precipitated in Cadeficient condition. Alunite was also not observed using mineralogical analysis. On the other hand, calculated saturation indices of alunite show an oversaturated state in the 0.1% SO 2 case, whereas they show an undersaturated state in the 1% SO 2 case because of low pH (Table 4 ). Although it might be possible that a very small quantity of alunite is precipitated in the 0.1% SO 2 case, we could not confirm the formation of alunite because it was not observed in mineralogical analysis. In this study, calcite, which is commonly observed in CO 2 -water-rock reactions, was not detected, similar to gypsum or anhydrite for all the experimental cases. The saturation index of calcite was also a negative value (undersaturation) ( Table 4 ). This can be explained by the low concentration of Ca and the low pH caused by the low buffering capacity in this study.
Porosity Change.
To evaluate the impact of SO 2 -CO 2 -water-rock interactions on the porosity of the reservoir rock, the change in total rock volume was calculated with reaction time using the molar volume of each mineral in the modeling (Figure 7 ). Pyrite and montmorillonite-Mg were excluded because they had little influence on total rock volume due to their very small quantities. As shown in Figure 7 , total rock volume decreased with reaction time for all cases, which means that porosity and permeability in the rock increased. As previously discussed, total rock volume in the 1% SO 2 case significantly decreased because of the enhanced dissolution of minerals.
To identify the contribution of each mineral to the decrease in total rock volume, the volume change of each mineral was calculated at the end of the simulation ( Figure 8 ). As seen in Figure 8 , the volumes of most primary minerals (except quartz and kaolinite) decreased due to dissolution. In particular, the dissolution of chlorite (clinochlore-14A and daphnite-14A) showed the largest influence on the decrease in rock volume (Figure 8 ), although chlorite constituted only 4.8 wt.% of the reservoir rock. On the other hand, the volume of kaolinite increased in the pure CO 2 and 0.1% SO 2 cases due to precipitation. According to Pearce et al. [15] , the precipitation of kaolinite has the potential to reduce porosity and permeability not only in the reaction with pure CO 2 but also in the reaction with SO 2 -CO 2 . In our study, the increased volume of kaolinite by precipitation could not compensate for the loss of total rock volume by dissolution ( Figure 8) ; total rock volume decreased.
The dissolution of mineral also may affect the integrity and the mechanical properties of reservoir rocks [4, [40] [41] [42] [43] . This dissolution reaction by CO 2 -water-reservoir rock interaction includes relatively rapid dissolution of fast-reacting minerals such as carbonates, present either as framework grains or as intergranular cement [41, 42] . The rocks with high carbonate content such as carbonate reservoir are relatively prone to mechanical weakening due to dissolution of carbonate minerals [43] . In addition, in the sandstone reservoir, mechanical properties of rocks are locally affected by dissolution of carbonate cements between the grains [4, 40] . According to Hangx et al. [42] , however, rock mechanical properties were not affected because the framework grains were sufficiently quartz-cemented, although small amount of calcite was completely dissolved in a sandstone; no shear failure of a reservoir is expected during CO 2 injection. They also said that long-term effect of aluminosilicate reactions on mechanical properties requires further research but it is out of scope of this study.
From our results, this study shows that SO 2 -CO 2 -waterrock interactions within a reservoir with Ca-deficient conditions and poor buffering capacity can significantly increase the porosity of the reservoir rock, unlike results of other studies [4, 16, 21] . Those studies showed that sulfate minerals such as anhydrate, gypsum, and alunite are precipitated by reacting with SO 2 when Ca-rich minerals such as calcite and anorthite are present, which decreases the porosity of the rocks.
Conclusions
This study was conducted to evaluate the effect of SO 2 on water-rock interactions in a reservoir rock having Cadeficient conditions and poor buffering capacity and to evaluate the change in porosity affecting CO 2 injectivity. Our results show that SO 2 significantly lowered pH and that a strong acidic condition was maintained during the experiments when buffering capacity was insufficient. This accelerated the dissolution of the primary minerals, and thus the total volume of the reservoir rock decreased. The dissolution of chlorite was mainly responsible for the decrease in total rock volume. The newly formed secondary minerals varied according to the mixed gases: pure CO 2 (kaolinite), 0.1% SO 2 (kaolinite, montmorillonite-Mg, and pyrite), and 1% SO 2 (pyrite). However, sulfate minerals (gypsum or anhydrite) were not formed due to an insufficient supply of Ca. Thus, in this study, the total volume of precipitated secondary minerals could not compensate for the loss in total rock volume, which indicates that porosity in the reservoir rock increased.
This study indicates that a certain amount of SO 2 coinjection with CO 2 in a rock having no carbonate or Ca-rich minerals may be more beneficial to the injection because of a porosity increase resulting from SO 2 -CO 2 -water-rock interaction.
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